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Gene regulation was long predicted to play a vital role in speciation and species divergence. Only recently with the advent of new technologies,
however, has it been possible to address the question of the relative contributions of different mechanisms of gene expression to the evolution of
phenotypic diversity. Here we broaden the question and ask whether microRNAs, a large class of small regulatory RNAs, play a role in
reproductive isolation between species by contributing to hybrid male sterility. MicroRNAs from the testes of clawed frogs (Xenopus) were
extracted and the expression profiles of sterile hybrids were compared with males of a parental species. Hybrid testes were largely microRNA-
depleted relative to those of nonhybrids, and this pattern was validated with quantitative RT-PCR. A number of candidate differential microRNAs
from this study have previously been described as testis-specific in the mouse, suggesting that microRNA structural conservation may be
associated with functional retention.
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understand how phenotypic differences between species are
encoded in their genomes and what genetic processes underlie
the formation of new species (speciation). It has long been
recognized that speciation often results in sterility and non-
viability of species hybrids but only recently has it been pos-
sible to identify genes causing incompatibilities on the hybrid
genetic background and associated hybrid defects [1]. The
evolution of reproductive isolation between species has been
formalized as the so-called Dobzhansky–Muller model of
incompatible epistatic interactions between genes that have
diverged in different gene pools [2,3]. Despite its attractiveness,
this broad model has obvious limitations for generating specific⁎ Corresponding author. Fax: +1 817 272 2855.
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doi:10.1016/j.ygeno.2007.10.013predictions related to the genetics of reproductive isolation. In
particular, the Dobzhansky–Muller model does not easily
accommodate such widespread phenomena as maternal effects,
transposable element mobilization, genomic imprinting, and
other epigenetic changes despite their importance to reproduc-
tive isolation [4–7].
The merging of two distinct genomes typically sets in motion
extensive modifications of the genome and transcriptome,
creating cascades of novel expression patterns [8–10], regula-
tory interactions, and new phenotypic variation [11,12]. To
complete this picture, we examined the contribution of micro-
RNAs to hybrid transcriptome anomalies and male sterility.
MicroRNAs (miRNAs) are a large class of small (∼22 nucleo-
tides long) noncoding ribonucleic acids that function as
fundamental transcriptional and posttranscriptional regulators
in plants and animals [13].
There are several reasons to expect that miRNAs and other
small RNAs have a critical role to play in creating postzygotic
reproductive isolation. First, it is becoming increasingly clear
that there are barely any cellular or developmental functions
unaffected by miRNAs. For example, it has been estimated that
Fig. 1. Hierarchical clustering visualizing miRNA overrepresentation (red color)
in the parental X. laevis relative to hybrids. Only differentially expressed
(q value b0.2) miRNAs were included.
Table 1
Top five candidate miRNAs differentially expressed between hybrid and
nonhybrid testes
miRNA Fold change Edge p value Cyber-T p value
xtr-miR-202⁎ 2.491 0.0004 9.776−6⁎⁎,a
hsa-miR-494 2.436 0.0008 1.921−5⁎⁎
dre-miR-202⁎ 2.392 0.0012 3.206−5⁎⁎,a
xtr-miR-125b 2.179 0.0016 7.321−5a
miRPlus 17927 2.117 0.0020 0.0025
Fold change is a mean ratio between X. laevis and hybrid expression values.
aConfirmed with quantitative RT-PCR.
⁎⁎Significant at pb0.05 after Bonferroni correction.
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regulate N30% of all protein-coding genes [14,15]. Second,
there are abundant testis-specific miRNAs [16,17], repeat-
associated small interfering RNAs [18], and Piwi-interacting
RNAs involved with spermato-and spermiogenesis [19–21],
which all provide candidate causative agents of hybrid male
sterility. Finally, given that miRNAs along with other transcripts
are abundant in maternal deposits [22], it is tempting to
speculate that species-specific miRNA deposits may account for
cases of reproductive isolation with maternal effects, when
reciprocal crosses between the same two species produce dif-
ferent patterns of hybrid defects.
African clawed frogs (Xenopus) provide a novel system
for exploring the importance of miRNAs to the problem of
reproductive isolation through hybrid male sterility. There are
N20 Xenopus species, and experiments with over 100 reciprocal
crosses between selected pairs of species have revealed that
hybrid males and rarely females are sterile [23–26]. Certain
reciprocal crosses are more affected or not possible, suggesting a
contribution of maternal effects. Additionally, there is evidence
that hybridization inXenopus is accompanied by a transcriptome
shock and preferential silencing of one of the parental ge-
nomes [27], thus suggesting the activity of ample transcriptional
repressors.
As spatial and temporal expression patterns of miRNAs can
provide clues about their possible functions, tissue specificity of
miRNA signaling is currently an area of active research. For
example, miRNA profiling identified pancreas islet-specific
miRNA involved in insulin secretion [28] as well as brain-
specific miRNA regulating the size of dendritic spines—
postsynaptic sites of excitatory synaptic transmission [29]. Here
we report significant changes to miRNA levels between testes
of sterile Xenopus hybrids (X. laevis×X. muelleri) and testes of
one of the parental species (X. laevis). The detected repertoire of
miRNAs additionally suggests that testis-specific miRNApathways are conserved between taxa as distant as Xenopus
and the mouse. An analysis of the miRNA putative targets
shows that a diversity of gene activities could be affected and
that there was substantial cross-targeting between the top can-
didate miRNAs, at least at the level of the target Gene Ontology
categories.
Although X. laevis and X. muelleri belong to two relatively
distant clades that diverged more than 30 million years ago,
these two species still hybridize in nature and produce viable
hybrids [23–27]. Notably, hybrid females are fertile and hybrid
males are sterile, despite the fact that the females are hetero-
gametic (ZW) and males are homogametic (ZZ), a pattern
opposite to that predicted by Haldane’s rule [27]. These two
species along with other Xenopus taxa provide an exciting
system for investigations into the genetic background of repro-
ductive isolation in general and exceptions from Haldane’s rule
in particular.
Results
Differential expression from miRCURY locked nucleic acid
(LNA) microRNA arrays
There was a global miRNA underexpression in hybrids
compared with parental X. laevis, as reflected by the extent of
red color in Fig. 1. Both Cyber-T [30] and Edge [31] produced
identical orders of the top candidate miRNAs differentially
expressed between the parental X. laevis and the F1 hybrids
(Supplementary Table 1). Three miRNAs remained signifi-
cantly different at the 0.05 α level after a Bonferroni correction
(0.05/1458) was applied to the Cyber-T results: xtr-miR-202⁎,
hsa-miR-494, and dre-miR-202⁎, all underexpressed in hybrids
(Table 1). The Edge-generated q values for the top 3 and the
next 5 best candidates (according to their p values) were all
equal to 0.125. The fact that 2 of the best candidate miRNAs,
xtr-miR-202⁎ from X. tropicalis and dre-miR-202⁎ from Danio
rerio, have identical sequences is interpreted as an indication of
high array reproducibility. Of the top 10 candidate miRNAs, 6
were previously known in Xenopus, 3 were known exclusively
in mammals (miR-494, mmu-miR-489, and mmu-miR-155),
and 1 is from miRPlus. These mammalian miRNA sequences
did not produce significant hits when blasted against the
X. tropicalis genome (X. laevis and X. muelleri genomes are
unavailable).
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As the false discovery rate estimated as q values was
relatively high, differential expression of miR-202⁎, miR-494,
miR-125b, and miR-100 was independently tested using larger
RNA sampling and quantitative RT-PCR. Amplification pat-
terns of miR-202⁎, miR-125b, and miR-100 confirmed results
of the microarray analysis and showed consistent miRNA
underexpression in hybrids relative to X. laevis (Table 2). Ex-
pression of miR-494 was low compared to the other three
miRNAs and no statistically significant differential expression
between X. laevis and hybrids was observed. Although
reproducibility between the consecutive RT reactions was
remarkably high, their statistical effect was significant in all
four assays (Table 2). Interaction factors from the one-way
repeated-measures ANOVA were not significant (pN0.05).
Predicted targets of candidate miRNAs
MicroRNAs positively verified with qRT-PCR were ana-
lyzed with respect to their putative targets with miRanda
(Table 3). A total of 23 Gene Ontology (GO) categories related
to Biological Processes (BPGO) were overrepresented among
putative targets of miR-202⁎ (Supplementary Table 2). These
categories included eight chemotaxis-, six protein processing-,
and two behavior-related processes. Only 2 Cell Component
GO (CCGO) categories were overrepresented in miR-202⁎
targets: small ribosomal subunit and cell surface. There were
12 Molecular Function GO (MFGO) categories overrepre-Table 2
ANOVA of TaqMan RT-PCR results (L - X. laevis, H - hybrids)
L mean
CT ratio
H mean
CT ratio
ANOVA
effects
MS
effect
MS
error
Fdf(1, 8) p value
miR-202⁎
0.5834 0.6032 Type (1) 0.0065 0.0006 11.3723 0.0100
Replicates (2) 0.0014 0.0001 9.5812 0.0148
(1)×(2)
interaction
6.68−5 0.0001 0.4675 0.5134
miR-494
1.1480 1.1420 Type (1) 0.0002 0.0015 0.1175 0.7406
Replicates (2) 0.0012 0.0005 2.5307 0.1503
(1)×(2)
interaction
1.74−5 0.0005 0.0365 0.8531
miR-125b
0.6844 0.7438 Type (1) 0.0176 0.0007 25.7364 0.0010
Replicates (2) 0.0251 0.0003 92.0373 1.16×10−5
(1)×(2)
interaction
0.0002 0.0002 0.6183 0.4543
miR-100
0.7089 0.7544 Type (1) 0.0104 0.0008 12.3913 0.0078
Replicates (2) 0.0084 0.0002 52.7265 8.71×10−5
(1)×(2)
interaction
6.91−5 0.0002 0.4335 0.5288sented among the miR-202⁎ targets, including 6 various ace-
tyltransferase activities. In miR-125b putative targets, 47 BPGO,
11 CCGO, and 23 MFGO categories were overrepresented. A
similar analysis of miR-100 showed that 19 BPGO, 8 CCGO,
and 15 MFGO target categories were overrepresented. There
was a substantial overlap (24%) between overrepresented BPGO
categories of all three miRNA targets, including chromatin
assembly, cellular protein metabolism, protein localization, and
metabolism. A 19% overlap between overrepresented CCGO
(including intracellular organelle part) and no clear overlap
between MFGO categories for these combined miRNA targets
were observed.
Discussion
Here we report the identification of a number of miRNAs
depleted in testes of sterile hybrids relative to fertile parentals
in Xenopus. Previously, a number of X. laevis miRNAs were
isolated from various developmental stages ranging from
oocytes to tadpoles [32,33]. Although miRBAse (release 9.1)
provides a total of 177 predicted miRNAs for X. tropicalis,
no data on their spatial and temporal distribution have been
available.
Sequences of a large proportion of miRNAs are highly
conserved among taxa and many are expressed in a tissue-
specific manner [34]. Although this does not necessarily imply
spatial and temporal conservation of their expression, such
overlap in expression between various taxa has been demon-
strated [35,36]. For example, miR-10 regulates Hox genes in
both Drosophila and vertebrates [37,38]. Hence, one may ask
whether the miRNAs that we observed to be differentially
expressed between hybrid and nonhybrid Xenopus males
match the list of testis-specific miRNAs isolated from the
mouse [16,17]. One of such testis-specific miRNAs, miR-122a,
for example, is known to target a reporter mRNA containing
sequences from the 3′-UTR of the transition protein 2 (Tnp2)
mRNA [17]. Four species of transition proteins, including
Tnp2, facilitate chromatin transformation from the nucleosome
structure to the nucleoprotamine structure during spermatid
differentiation in mammals. All genes involved in mammalian
spermiogenesis, such as Tnp2, are subject to translational re-
pression for up to 7 days [39], and small RNAs are logical
candidate silencers in this process.
Remarkably, one of our top three candidate miRNAs, miR-
100, has been characterized as testis-specific in mice [17]. Its
targets and a potential role in spermatogenesis/spermiogenesis
are unknown, but the miRanda-predicted best candidate target
of miR-100 in X. tropicalis is cereblon (CRBN; Table 2), in
mammals known to be enriched in brain and testes [40].
CRBN encodes an ATP-dependent Lon protease that selec-
tively degrades short-lived polypeptides and regulates mito-
chondrial replication and transcription [41]. In brain, CRBN is
typically associated with the large conductance Ca2+-acti-
vated K+(BK(Ca)) channels and mutations in the CRBN gene
result in long-term potentiation and learning dysfunctions
leading to mental retardation. The complementarity between
miR-100 and its putative targets, including CRBN, is not
Table 3
MiRanda-predicted top candidate targets of miR-202⁎, miR-125b, and xtr-miR-100
Gene Description Score Energy p value Alignment
xtr-miR-202⁎
BC076989.1 Hypothetical protein 20.2392 −14.06 0.0009
ENSXETT00000039632 cAMP-dependent protein kinase type Iα
regulatory subunit (tissue-specific
extinguisher 1) (TSE1)
20.142 −19.5 10−6
ENSXETT00000058115 Sacsin 18.8403 −22.04 0.0035
ap3s2 Hypothetical protein LOC496606 18.5336 −18.46 0.0047
Egg005f01.1 Zinc finger, AN1-type domain 2A 18.5336 −12.62 0.0047
xtr-miR-125b
hs3st1 Heparan sulfate (glucosamine)
3-O-sulfotransferase
18.0788 −27.24 0.0023
JARID1A Jumonji/ARID domain-containing protein
1A (retinoblastoma-binding protein 2)
(RBBP-2)
17.6511 −34.21 0.0042
pecr Pecr-prov protein (fragment) 17.5634 −22.72 0.0004
ENSXETT00000013476 β-1,3-Galactosyltransferase 5 17.442 −27.59 3.0−5
xtr-miR-100
CRBN_XENTR Protein cereblon 18.0964 −25.93 0.0018
UCK2 Uridine–cytidine kinase 2 17.0573 −21.18 0.0003
TNeu066d14.1 Hypothetical protein 17.0555 −21.39 0.0052
GLP2R Glucagon-like peptide 2 receptor
precursor
16.9971 −23.87 0.0055
CBLN2_HUMAN Cerebellin-2 precursor 16.6989 −27.64 0.0018
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which, unlike small interfering RNAs (siRNAs) and plant
miRNAs, are characterized by an imperfect match to their
mRNA targets [42,43]. The GO categorization of the putative
miR-100 targets in Xenopus suggests enrichment in genes
related to neurophysiological processes, sensory perception of
light stimulus, exocytosis, chromatin and nucleosome assem-
bly, and protein localization.
In addition to miR-100, 7 other miRNAs from the Yu and
colleagues [17] list of the 29 mouse testis-specific miRNAs
were also present in our list: miR-16, miR-143, miR-21,miR-30b, miR-15b, miR-7c, and miR-467 (Supplementary
Table 1). This finding suggests a considerable conservation of
male germ-line miRNA pathways in vertebrates and necessi-
tates further explorations into the roles of miRNA in male
reproduction and hybrid sterility. There is no evidence, how-
ever, that the other top 2 candidate miRNAs, miR-202⁎ and
miR-125b, are testis-specific in Xenopus or other vertebrates.
Lee and colleagues [44] have used a siRNA against the loop
region of the mirR-125b precursor to down-regulate selectively
the mature miRNA in human cell lines. The depletion of miR-
125b resulted in a significant proliferation defect in PC-3
Fig. 2. Hy5 vs Hy3 scatterplots for the spike-in controls. These diagrams show
that two different dyes used in spike-in controls produced similar fluorescence
signal. The black trend line represents x=y.
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125b in Xenopus are enriched in transferase and hydrolase/
protease activities and associated with such biological process-
es as proteolysis, protein complex, chromatin and nucleosome
assembly, DNA packaging, RNA export, and localization. There
was a substantial overlap between the target GO categories of
the three miRNAs, with the largest between miR-100 and miR-
125b (19%) and smallest between miR-100 and miR-202⁎ (2%).
This result suggests the miRNA cross-targeting of such func-
tions as chromatin assembly, nucleosome assembly, and cellular
protein metabolism.
In contrast to many hybrid anomalies in the expression of
translated genes, differential miRNAs were consistently under-
represented and virtually no significant overrepresentations
were observed in hybrids relative to one of the parental species.
This may reflect an overall miRNA underexpression due to
hybrid genetic incompatibilities between upstream components
of the miRNA pathway. In animal cells, miRNAs are transcribed
from genes as primary miRNAs by RNA polymerase II, then
cleaved by Drosha, an RNase III enzyme, into hairpin-like
precursor miRNA, and eventually transported into the cytoplasm
with the help of Exportin [34]. In the cytoplasm, pre-miRNAs
are cut into double-stranded RNA duplexes by Dicer, another
RNase III enzyme, processed into mature miRNAs, and
incorporated into RISC with other components for target
recognition. Dysfunctions at any of these levels are expected
to result in a global underexpression of miRNAs, which in turn
may lead to overexpression of their target genes on the hybrid
genomic background. Future studies will need to addresswhether
this pattern of miRNA underexpression in hybrid males also
holds in relation to the other parental species, X. muelleri, and
how that compares to parental and hybrid females.
Could this prediction of uniform upregulation of the target
genes due to misregulation of the upstream components in the
miRNA pathway explain the pattern of other gene misexpres-
sions in hybrids between X. laevis and X. muelleri? Given the
lack of direct experimental data on the true miRNA targets in
these two Xenopus species, all answers to this question will
necessarily be speculative at this moment. Nevertheless,
Malone and colleagues [27] have observed that 65% of all
hybrid gene misexpressions relative to the parental X. laevis
were in fact overexpressions. Among all misexpressed genes,
only 6 of 142 were predicted target genes of Xenopus miR-100,
miR-125b, or miR-202⁎, and all 6 but 1 (a miR-100 target) were
overexpressed in hybrids. This tendency for enrichment
in upregulations among putative miRNA targets was also
apparent in a comparison of hybrid males with the other parental
species, X. muelleri: 44% of all misexpressions (n=3995) were
represented by overexpressions in hybrids, and 51% of the
misexpressed putative miRNA targets (n=180) were upregu-
lated (χ2 test, p=0.085).
As there are examples of negative feedback loops that
involve multiple miRNAs and transcription factors [45–47], it
is likely that the prediction of uniform upregulation of miRNA
targets due to miRNAmisexpression is an oversimplification. A
comprehensive understanding of the genetic basis of hybrid
defects and speciation will require further insights into howtranscription factors, miRNAs, signaling pathways, and epige-
netic regulators are wired together into multicomponent
regulatory networks.
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RNA extraction
A total of 5 μg/sample of RNAwas extracted from mature testis in X. laevis
(n=3) and sterile hybrids of X. laevis×X. muelleri (n=3) using the Ambion
MirVana miRNA isolation kit and the manufacturer’s protocols. Adults were
euthanized with MS-222 and tissue was immediately extracted and homo-
genized in lysis/binding buffer. Samples of RNAwere checked for quality using
a Nanodrop ND 1000 spectrophotometer and the Agilent 2100 bioanalyzer. The
origin of the animals and the patterns of hybrid sterility have been described
elsewhere [27].
miRCURY LNA microRNA arrays
The Exiqon (Vedbaek, Denmark) miRCURY LNA microRNA arrays and
the service to process the samples were used. This technology is based on the use
of LNA-modified oligonucleotides that exhibit improved thermostability in
nucleic acid duplexes [48]. The arrays consist of control probes, mismatch
probes, and 1458 capture probes interrogating all known miRNAs as annotated
in miRBase release 8.1 [49], including 7 cloned X. laevis [32] and 177 predicted
X. tropicalismiRNAs, as well as 146 miRPlus miRNA sequences unavailable in
miRBase. Thirty control capture probes include 10 spike-in, 8 negative control,
and 12 small nuclear RNA-interrogating probes. The arrays are manufactured on
a standard size glass slide and organized as eight subarrays in four replicates
each with a spot size of 120 μm. For labeling, the miRCURY LNA kit was used
according to the Exiqon protocols. The six biologically independent samples
were labeled with Hy3 and Hy5 dyes and competitively hybridized on three
arrays, each contrasting hybrid with X. laevis samples. Dyes were alternated
between sample types on one of the arrays. The spike-ins were labeled as normal
miRNA types and hybridized to capture probes specifically designed for these
RNAs.
Microarray data processing
Slides were scanned using a Genepix 4000B laser scanner (Axon
Instruments) and microarray images were preprocessed using the Genepix Pro
4.0 software. Data were normalized using the background subtraction and the
global lowess (locally weighted scatterplot smoothing) regression algorithm.
Spike-in controls (10 different RNA oligonucleotides) were used to assess the
overall performance of hybridizations. Signals from the Hy3 and Hy5 channels
were highly correlated (R2 range between 0.972 and 0.992), indicating highly
reproducible labeling and hybridization across all slides (Fig. 2). The normalized
expression values were log2 transformed and implemented in Cyber-T [30] and
Edge [31] for tests of differential gene expression. To control the false discovery
rate, a Bonferroni correction was applied to the p values generated by Cyber-T,
and q values were estimated using Edge. Hierarchical clustering with Euclidean
distances and heuristic ordering in Edge was used to visualize the global pattern
of miRNA expression in hybrids relative to X. laevis.
Quantitative real-time PCR validation
Differentially expressed miRNAs were subjected to quantitative RT-PCR
validation using TaqMan MicroRNA Assays from Applied Biosystems (ABI
Product Nos. 4373219, 4373148, 4373019, 4373160, 4373274). As there ap-
pears to be no consensus regarding endogenous control selection for the miRNA
relative quantification yet, we chose to use hsa-miR-382, which according to our
microarray data was highly expressed at very similar levels in all samples. A total
of 10 ng/sample of RNA was extracted as described above from testes of 10
X. laevis and 10 hybrid males. cDNA was produced using the ABI TaqMan
MicroRNA Reverse Transcription Kit (Product No. 4366596) and the man-
ufacturer’s protocol. To test for genomic DNA and reaction contamination, two
types of negative controls were used for PCR: reverse transcriptase-omitted
products and blanks (DEPC-treatedwater). No amplificationwas observed in any
of the negative controls. The ABI 7300 RT-PCR system and the instrument
default cycling conditions were used. Each RNA sample was assayed twice for
every miRNA in separate RT reactions. The threshold cycle (CT) ratios betweenthe target miRNA and the endogenous control were calculated and arcsin-
transformed, and one-way repeated-measures ANOVA was used to test dif-
ferences between male types (X. laevis and hybrids) and determine the effects of
technical replications.
miRNA target prediction
To identify potential binding genomic sites for candidate miRNA, the
miRanda algorithm provided by a Welcome Trust Sanger Institute server was
used (http://microrna.sanger.ac.uk/targets). The miRanda uses dynamic pro-
gramming alignment to identify highly complementary sites, which are scored
between 0 and 100, where 0 represents no complementarity and 100 complete
complementarity. The algorithm incorporates a weighted scoring system that
rewards complementarity at the 5′ end of the miRNA and the Vienna RNA
folding routines to estimate the target site thermodynamic stability. Statistical
overrepresentations of the target GO categories were examined with GoMiner
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